Background: Aluminum (Al) is considered to be a neurotoxic metal, and excessive
changes in C57BL/6J mice. However, the behavioral effects of Al were small and statistically weak, as indicated by the fact that the results failed to reach the studywide significance level. Thus, further study will be needed to replicate the results and reevaluate the behavioral outcomes of oral intake of Al ammonium sulfate.
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| INTRODUCTION
Aluminum (Al) is one of the most abundant metallic elements in the earth's crust and is widely present in soil, air, water, and plants. Al compounds are extensively used for various purposes in food, beverages, cosmetics, and medicines. Exposure to Al from all sources, including natural sources, water consumption, and food materials, is estimated to be in the range of 10-140 mg/wk (0.2-2.3 mg/kg/wk, assuming a body weight of 60 kg) in adult populations. 1 Currently, the provisional tolerable weekly intake (PTWI) is set at 2 mg/kg/wk based on a no-observed-adverse-effect level of 30 mg/kg/d from findings in animal studies. 1 Numerous epidemiologic studies have reported that excessive exposure to Al is both neurotoxic and a potential risk factor for neurodegenerative conditions such as Alzheimer's disease, [2] [3] [4] amyotrophic lateral sclerosis, 5, 6 and Parkinson's disease, 7, 8 although the causal relationships between Al exposure and these conditions, especially Alzheimer's disease, remain controversial. [9] [10] [11] Animal studies have been performed to determine whether exposure to Al compounds such as aluminum chloride, aluminum nitrate, and aluminum lactate at different developmental stages affects the brain and behavior. Perinatal and/or adult exposure to Al compounds has been reported to induce behavioral changes such as reduced locomotor activity, impaired active and passive avoidance behaviors, and spatial memory deficits in rodents. [12] [13] [14] [15] [16] [17] [18] [19] In contrast, multiple studies report that Al exposure has no such behavioral effects. [20] [21] [22] [23] [24] [25] The differences in the severity of the effects shown in these studies might be attributable to methodological differences, for example, differences in the form of the Al, the dose, the administration route, the exposure duration, and the behavioral testing procedure.
Aluminum ammonium sulfate is one of the Al compounds that is widely used in food additives and beverages as a buffering and neutralizing agent to maintain acidity during food processing, water purification, and color fixation. [26] [27] [28] However, the effects of oral exposure to Al ammonium sulfate on physical development and behavior have not been examined. In this study, to address the lack of information regarding the behavioral effects of Al ammonium sulfate, we investigated the effects of the oral administration of Al ammonium sulfate dissolved in drinking water at a relatively low dose (0.075 mg/mL) beginning in adolescence on the behavior of adult female C57BL/6J mice using a battery of behavioral tests, . This study provides novel information about effects of oral exposure to aluminum ammonium sulfate at the doses used on a variety of behaviors in the behavioral tests that had not been previously studied in mice.
| MATERIALS AND METHODS

| Animals
Male and female C57BL/6J mice were used. The general procedure of the experiments is illustrated in Figure 1 . In Experiment 1, 40 na€ ıve females were transported from the Charles River Laboratories Japan to our animal facility at the age of 25 days. After their arrival, females were group-housed (4 per cage) in a plastic cage (22.7 9 32.3 9 12.7 cm) in a room with a 12-hour light/dark cycle (lights on at 7:00 AM). The room temperature was maintained at 23 AE 2°C. The females in each cage were randomly assigned to either the vehicle-treated group (n = 20) or the low-dose Al-treated group (dose of 0.075 mg/mL, n = 20). The mice in the Al-treated group were allowed to freely drink a solution containing Al ammonium sulfate from 4 weeks of age 3 days after arrival, as described below. Their body weights were measured every 2 weeks, and their behaviors were assessed with a battery of behavioral tests after 9 weeks of age (Table 1) . In Experiment 2, twenty pregnant females, which were transported from the Charles River Laboratories Japan 6 days after finding a vaginal plug (Day 0 = day of pregnancy), were singly housed in a plastic cage after arrival in our animal facility. The pregnant females were randomly assigned to either the vehicle-treated group (n = 10) or the high-dose Al-treated group (dose of 1 mg/mL, n = 10).
From Day 11 of pregnancy, females in the high-dose Al-treated group were given Al ammonium sulfate in drinking water at the dose of 1 mg/mL. The cages were checked every morning for the presence of behavioral experiments. After weaning, the offspring from high-dose
Al-treated dams were given Al in their drinking water at the dose of 1 mg/mL in the same manner throughout the experiments. From the age of 9 weeks, the male and female offspring were subjected to a battery of behavioral tests ( 132.14, Wako Pure Chemical Industries, Ltd.) in their drinking water. In our pilot experiments, a few pregnant C57BL/6J mice died after daily oral administration of the Al compound dissolved in drinking water at a dose of 0.1 or 1 mg/mL. In addition, female pups exposed to the Al compound at the lower dose of 0.075 mg/mL during the prenatal and postnatal period through dams had a lower body weight than vehicletreated female pups (see Data S1). The preliminary results suggest the possibility that the oral administration of Al ammonium sulfate with a dose of at least 0.075 mg/mL during the perinatal period may have effects on the development of C57BL/6J female mice. Taking into account the results of the pilot experiments, we first explored the effects of the Al compound at the dose of 0.075 mg/mL in females in Experiment 1. The compounds were dissolved in filtered tap water at a concentration of 0.075 mg/mL in Experiment 1 (defined as the lowdose treatment) and at a concentration of 1 mg/mL in Experiment 2
(defined as the high-dose treatment). The solution in the bottle was changed every 4-7 days. In Experiment 1, solution intake by females was monitored every 4 days from 4 to 9 weeks of age. In Experiment 2, solution intake by males and females was measured at 20 weeks of age.
| Behavioral test
In Experiment 1, female mice were subjected to a battery of behavioral tests in the following sequence: general health and neurological screen, light/dark transition, open field, elevated plus maze, hot plate, social interaction, rotarod, startle response/prepulse inhibition, Porsolt forced swim, three-chamber social approach, T-maze spontaneous alternation, Y-maze, Barnes maze, tail suspension, contextual and cued fear conditioning, and homecage social interaction tests (see Table 1 and Appendix S1 
| Light/dark transition test
The light/dark transition test, developed by Crawley and colleagues, 29 was performed as previously described. 30 The apparatus consisted of a cage (21 9 42 9 25 cm) divided into 2 sections of equal size by a partition with a door (O'Hara & Co., Tokyo, Japan).
One chamber was brightly illuminated (390 lux), whereas the other was dark (2 lux). Mice were placed into the dark chamber and were allowed to move freely between the 2 chambers for 10 minutes with the door open. The distance travelled (cm), total number of transitions, latency to first enter the light chamber (s), and time spent in the light chamber (s) were recorded automatically using the ImageLD program (see "Image analysis").
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| Elevated plus maze test
The elevated plus maze test, which has been widely used to assess anxiety, 31 was performed as previously described. 32 The apparatus 
| Social interaction test
The social interaction test was conducted to measure social behavior in a novel environment, as previously described. 33 Weight-matched (within 2 g) mice of the same-sex and same treatment group that had been housed in different cages were placed into an acrylic box together (40 9 40 9 30 cm) and allowed to explore freely for 10 minutes. The total number of contacts, total duration of contacts (s), total duration of active contacts (s), mean duration per contact (s), and total distance travelled (cm) were recorded and analyzed automatically using the ImageSI program. The active contact was measured when the 2 mice contacted each other and one or both mice moved with a velocity of at least 10 cm/s.
| Three-chamber social approach test
The three-chamber social approach test is a well-designed method to investigate sociability and preference for social novelty in mice. 34 The apparatus consisted of a rectangular, three-chambered box and a lid with a video camera (O'Hara & Co.). Each chamber was 20 9 40 9 47 cm, and the dividing walls were made from clear Plexiglas with a small square opening (5 9 3 cm) allowing access into each chamber. In Experiment 1, the tests were performed as previously described, 34 with a slight modification as follows: subject mice were placed in the three-chambered box and allowed to explore for 10 minutes the day before the sociability test was conducted (habituation session), and during the session, empty wire cages (9 cm in diameter, 11 cm in height, with vertical bars 0.5 cm apart) were located in the corner of each chamber. On the following day, an unfamiliar C57BL/6J female mouse (stranger 1) that had had no prior contact with the subject mice was put into the wire cage that was placed in one of the side chambers. The location of the stranger mouse in the left vs right chamber was systematically alternated between trials. The subject mouse was placed in the box and 
| T-maze spontaneous alternation test
The spontaneous alternation task was conducted using a modified T-maze apparatus and an automated video-analyzing system, 36 available through O'Hara & Co.). Mice were subjected to a spontaneous alternation session of 10 trials per day for 3 days. Each trial consists of a forced-choice run followed by a free-choice run. Mice were forced to enter either one of the arms for 10 seconds, and then, the door was opened so that the mouse could go back to the start compartment.
They were held in the start compartment for 3 seconds and then subjected to a free-choice run in which they were allowed to choose one of the arms. The intertrial intervals were 60 seconds. The percentage of trials in which mice entered the arm opposite to their forced-choice run during the free-choice run was calculated. Data acquisition and data analysis were performed using the ImageTM program. 
| Y-maze test
| Tail suspension test
The tail suspension test was used to evaluate depression-related behavior. 38 Mice were suspended 30 cm above the floor in a visually isolated area by adhesive tape placed approximately 1 cm from the tip of the tail. Immobility was recorded for a 10-minute test period. Immobility time was measured automatically using the ImageTS program.
| Contextual and cued fear conditioning test
The fear conditioning test was conducted using an automated videoanalyzing system as previously described. 39 Mice were placed in a conditioning chamber (26 9 34 9 29 cm) in a sound-attenuated room and allowed to explore freely for 2 minutes. The animals were presented with an auditory cue (55 dB white noise) that served as a conditioned stimulus (CS) for 30 seconds. During the last 2 seconds of the CS, mice were given a mild footshock (0.3 mA, 2 seconds) as an unconditioned stimulus (US). Two more CS-US pairings were presented at 120-second intervals. Approximately 24 hours and 1 month after the conditioning session, a context test was performed in the conditioning chamber. A cued test in an altered context was performed after the context test using a triangular box (35 9 35 9 40 cm) made of white opaque plastic, which was located in a different sound-attenuated room. In the cued test, after the initial 3-minute period of no CS presentation, the CS was presented during the last 3-minute period of the test. Freezing during each minute of the test was measured automatically using the ImageFZ program in a same manner as previously described. 39 2.14 | Home-cage social interaction test
The social interaction monitoring system comprised a home-cage and a cage top with an infrared video camera (25 9 15 9 23.5 cm, interior dimensions). Two mice of the same group that had been housed separately were placed together in the home-cage. Video images from each cage were captured at a rate of 1 frame per second. Social interaction was measured by counting the number of animals detected in each frame. We also measured the activity level of the mice by quantifying the number of pixels that changed between each pair of successive frames. Mean number of animals and total activity level in each 1-minute bin were automatically calculated for 1 week using the ImageHA program, and the mean values averaged for each hour of the last 3 days were used for statistical analysis.
| Statistical analysis
Statistical analyses were performed using SAS University Edition (SAS Institute, Cary, NC, USA). The data were analyzed to determine the effect of treatment with Al on behaviors using either an unpaired t test, a two-way analysis of variance (ANOVA), a two-way repeatedmeasures ANOVA, or a three-way repeated-measures ANOVA. We defined "study-wide significance" as statistical significance that survived (Tables S1 and S2 ). In addition, there were no significant Treatment effects on either hot plate latency, rotarod performance, auditory startle responses to loud noise, and prepulse inhibition of the startle responses (Tables   S1 and S2 ). These results indicate that the low-dose oral administration of Al beginning in adolescence has no effects on physical development, pain sensitivity, or sensory and motor functions as adults in female mice.
| Locomotor activity, anxiety-like behavior,
and depression-related behavior in low-dose aluminum-treated female mice (Table S1 ).
The Porsolt forced swim test and tail suspension test were performed to assess depression-related behavior in Al-treated mice. In | 23 third minute, P = .0492). In the tail suspension test ( Figure 2J ), there was no significant Treatment effect on immobility time (Table S1 ).
| Social behavior in low-dose aluminumtreated female mice
In the social interaction test, there were no significant Treatment effects on any behavioral measures ( Figure 3A -E and Table S1 ). In the three-chamber social approach test, there were no significant Treatment effects on the time spent in the chamber with a stranger female or time spent around the cage containing a stranger female (Figure 3F-I and Table S1 ). Additionally, in the home-cage social interaction test, no significant Treatment effects were found on either the activity level or the mean number of particles ( Figure 3J ,K, and Table S1 ). Contextual and cued fear memory of Al-treated mice was assessed with the fear conditioning test. In the conditioning session ( Figure 4D ), there was a nominally significant effect of Treatment revealed that the freezing of Al-treated females was significantly lower than that of vehicle-treated females during the 4th to 6th minutes of the session ( Figure 4D ; P = .0328, P = .0129, and P = .0112, respectively), whereas the freezing of the 2 treatment groups did not significantly differ during the last 2 minutes of the session ( Figure 4D ). This result shows that Al-treated females can acquire a conditioned fear response similar to that of vehicle-treated females after repeated presentation of the footshock. There were no significant Treatment effects on the distance travelled during and immediately after 3 footshocks ( Figure S4A ), suggesting that Al exposure has no effect on pain sensitivity to footshock. There were no significant Treatment effects on freezing in the context or cued tests that were performed 1 day after conditioning (Figure 4E,F) . In the context test 28 days after conditioning, significant Treatment effect was observed on freezing (F 1,35 = 6.43, P = .0158); Al-treated females exhibited lower freezing than vehicle-treated females ( Figure 4G ), while in the cued test 28 days after conditioning, there was no significant Treatment effect on freezing ( Figure 4H and Table S1 ). These results suggest that Altreated females have normal working and reference memory but impaired remote contextual memory. The delivery rate in Al-and vehicle-treated pregnant females, litter size, sex ratio of the litter, pup survival rate, and pup body weights are summarized in Table 2 . There were no significant differences between the treatment groups in delivery rate (P = .2105, Fisher's exact test), litter size (t 15 = 0.04, P = .9689), sex ratio of litters at birth (v 2 = .1862, P = .6661), survival rate from birth to weaning (P = .0636, Fisher's exact test), or mean pup body weights from birth to weaning (Treatment effect, F 1,27 = 2.02, P = .1669; Sex effect, Al-treated male and female mice appeared normal, and their righting, whisker twitch, and ear twitch reflexes were intact. There were no significant main effects of Treatment on the body weights, body temperature, grip strength, wire hang latency, hot plate latency, or rotarod latency in either sex (Tables S2 and S3 ). These data indicate that longterm treatment with Al has no effects on physical development from weaning to adulthood and on neuromuscular strength, pain sensitivity, or motor function in adulthood in male and female mice.
There were statistically significant main effects of Sex on body weight (F 1,76 = 463.01, P < .0001), grip strength (F 1,76 = 21.32, P < .0001), wire hang latency (F 1,75 = 18.89, P < .0001), hot plate latency (F 1,76 = 4.91, P = .0298), and rotarod latency (F 1,76 = 15.47, P = .0002), but not on body temperature (Tables S2 and S3 ). The results showed that male mice had heavier bodies, greater grip strength, shorter wire hang latency, longer hot plate latency, and shorter rotarod latency than female mice.
There was no significant main effect of Treatment on the startle responses to 110-or 120-dB stimulus (Tables S2 and S3 (Table S3 ). These data suggest T A B L E 2 Delivery rate, litter size, sex ratio of litter, pup survival rate, and pup body weight in high-dose aluminum-treated mice In the open field test, there were significant main effects of Sex on distance travelled ( Figure S2E ; Figure 5I ; F 9,675 = 4.15, P < .0001). Females' immobility time was longer than that of the males in the second half of the period on Day 2 (5 minutes, P = .0304; 6 minutes, P = .0011; 7 minutes, P = .0119; 8 minutes, P = .0143; 9 minutes, P = .0012). Similarly, in the tail suspension test, there was a significant main effect of Sex and a significant Sex 9 Time interaction on immobility ( Figure 5J ; F 1,62 = 5.13, P = .0270; F 9,558 = 2.09, P = .0286, respectively). Post hoc analysis revealed that females showed a lower immobility time than males at the first minute of the test (P = .0163), and then, females exhibited a higher immobility time than males at the 5th and 8th minutes of the test (5 minutes, P = .0108; 8 minutes, P = .0148). Collectively, these data indicate that female mice are more immobile during the second half of the period than are male mice regardless of the administration of Al.
| Social behavior in high-dose aluminumtreated mice
No significant main effects of Treatment were found on any of behavioral measures in the social interaction test, the three-chamber social approach test, or the home-cage social interaction test (Figure 6 and Table S3 ). In the social interaction test, there were signifi- F 1,36 = 7.41, P = .0099), total duration of contacts ( Figure 6C ; F 1,36 = 6.74, P = .0135), and mean duration per contact ( Figure 6E ; Table S3 ). In the home-cage social interaction test, significant main effects of Sex were found on activity level ( Figure 6J ; F 1,23 = 9.24, P = .0058) and mean number of particles ( Figure 6K ; F 1,23 = 8.44, P = .0080). Male mice exhibited a lower activity level and a smaller mean number of particles than female mice in their home cage. In the social interaction test, there were significant Treatment 9 Sex interactions in the total duration of active contacts ( Figure 6D ; Al-treated females exhibited more active contacts than vehicle-treated females (P = .0236), but there were no statistically significant differences in the mean duration per contact between the treatment groups in each sex. Overall, these results suggest that male mice show lower locomotor activity and higher social interaction than female mice in both novel environments and the home cage, whereas in females, the oral administration of Al induces an increase in active social contact in novel environments.
| Working memory, reference memory, and fear memory in high-dose aluminum-treated mice
Working memory was assessed with the T-maze spontaneous alternation task. There was a nominally significant effect of Treatment on the percentage of correct responses ( Figure 7A ; F 1,73 = 5.48, P = .0220).
There was no significant main effect of Sex, no significant Treatment 9 Sex interaction, no significant Treatment 9 Session interaction, and no significant Treatment 9 Sex 9 Session interaction on the percentage of spontaneous alternation (Table S3 ). The data indicated that Al-treated mice exhibited a lower percentage of spontaneous alternation than vehicle-treated mice, suggesting that the high-dose, long-term administration of Al induces working memory deficits regardless of sex.
Spatial reference memory was evaluated using the Barnes maze test ( Figures 7B and S3F-J) . In the training session, there was a nominally significant Treatment effect and a significant Treatment 9 Sex 9 Block interaction on the number of errors to reach the target hole ( Figure S3G ; F 1,59 = 4.84, P = .0317; F 9,531 = 2.57, P = .0067).
The post hoc analysis revealed that Al-treated female mice exhibited a greater number of errors than vehicle-treated female mice in the first block of the session (P = .0378). There was also a significant effect of Treatment and a significant Treatment 9 Sex 9 Block interaction on the distance travelled to reach the target hole ( Figure S3H ; F 1,59
= 4.53, P = .0375; F 9,531 = 2.10, P = .0283). The post hoc analysis showed that in the sixth block of the session, Al-treated male mice travelled further than vehicle-treated male mice (P = .0069). In the last block of training session, no significant differences between the treatment groups were found in the number of errors and distance travelled, indicating that Al-treated mice exhibited a reference memory performance similar to that of vehicle-treated mice after training. In the probe trials, there was no significant main effect of Treatment, no significant Treatment 9 Trial interaction, and no significant Treatment 9 Sex 9 Trial interaction on the time spent around the target hole ( Figures 7B, S3I ,J, and Table S3 ). There was a significant Treatment 9 Sex interaction on the time spent around the target hole (Figure 7B ; F 1,59 = 4.79, P = .0326). The post hoc analysis revealed that Al-treated females spent a shorter time around the target hole than vehicle-treated females in the probe trials (P = .0213), indicating that long-term treatment with Al induces spatial memory deficits in female mice.
In the conditioning session of the fear conditioning test, there were no significant effects of Treatment, no significant Treatment 9 Sex interaction, no significant Treatment 9 Time interaction, and no significant Treatment 9 Sex 9 Time interaction on freezing during the conditioning ( Figure 7C and Table S3 ), or distances travelled during and after footshock ( Figure S4B and Table S3 ), except for a significant Treatment 9 Sex 9 Time interaction on distance travelled during and after the second footshock (F 14,812 = 1.74, P = .0439). Overall, these results indicate no apparent treatment effects on behavioral responses during the conditioning session.
In the context and cued tests 1 day after the conditioning, there was no significant main effect of Treatment, no significant Treatment 9 Sex interaction, no significant Treatment 9 Time interaction, and no significant Treatment 9 Sex 9 Time interaction on freezing ( Figure 7D ,E, and Table S3 ). Similarly, in the context test 30 days after conditioning, there were no significant main effect of Treatment and no significant interactions on freezing ( Figure 7F and Table S3 ). In the cued test 30 days after the conditioning, there were nominally significant effects of Treatment on freezing ( Figure 7G ; F 1,58 = 4.63, P = .0356) during the pre-CS period. The data showed that Al-treated mice exhibited slightly less freezing than vehicle-treated mice during the pre-CS period, suggesting a reduced generalized fear response 30 days after the aversive experience in Al-treated mice.
There were significant main effects of Sex on freezing for the conditioning ( Figure 7C ; F 1,58 = 47.55, P < .0001), the context test 1 day after the conditioning ( Figure 7D ; F 1,58 = 27.29, P < .0001), the pre-CS period ( Figure 7E ; F 1,58 = 10.92, P = .0016), and the CS period ( Figure 7E ; 
| DISCUSSION
Al ammonium sulfate is an Al compound that is widely used as a food additive. However, the behavioral effects resulting from the oral intake of Al ammonium sulfate remain to be examined. In this study, we investigated the effects of the long-term oral administration of Al ammonium sulfate in drinking water on various types of behavior in adult C57BL/6J mice using a battery of behavioral tests.
The results of Experiment 1, although not reaching study-wide significance, showed that the administration of Al ammonium sulfate in drinking water from 4 weeks of age at a relatively low dose (esti- T-maze test Barnes maze test [57] [58] [59] [60] It has been suggested that intake of 0.3% Al chloride in drinking water from birth induces the impairment of synaptic connectivity in the mouse hippocampus. 61 Daily oral intake of Al chloride (300-600 mg/kg body weight) has also been reported to result in decreases in dopamine and 5-HT levels in rat and mouse brains, 12, 62 and intraperitoneal injection with Al (4.2 mg/kg body weight, as Al chloride hexahydrate) for 4 weeks increased the level of glutamate and decreased the level of GABA in the brain. 63, 64 In this study, the histological features of the prefrontal cortex, somatosensory cortex, and hippocampus appeared to be normal in Al-treated mice, possibly supporting the findings that the long-term oral administration of Al ammonium sulfate at the low doses has no marked effect on behaviors. However, the exposure to the Al compound might cause chronic brain inflammation and alternations in neurotransmission systems that may contribute to the slight behavioral changes observed in this study.
Sex differences were observed for almost all of the behaviors assessed without considering the effect of Al treatment. Although male mice had greater grip strength than female mice, the latency to fall off the wire in the wire hang test and the latency to fall off the rotating rod in the rotarod test were lower in males than in females.
Previous studies have reported a negative correlation between body weight and rotarod performance. 42, 65, 66 This outcome appears to resemble human depression, which women are approximately twice as likely to suffer than men. 72, 73 This study also found a sex difference in that males exhibited better performance in the spatial memory task than females, which is consistent with previous findings. [74] [75] [76] [77] To our knowledge, there is little literature reporting sex differences in the behavioral effects of Al exposure. We found sex-dependent effects of Al exposure on some behavioral measures. Al exposure induced increased active social contacts in the social interaction test and decreased time spent around the target hole in the Barnes maze test in females, but not in males. The sex differences in behavior might be attributable to a difference in Al intake between the sexes. Indeed, the daily Al intake per body weight was higher in females than in males, potentially explaining the sensitivity of the behavioral effects of Al exposure in females. Even then, because of the lack of information regarding the sex-dependent effects of the oral intake of Al ammonium sulfate, further study will be needed to obtain a better understanding of the mechanisms of the behavioral effects of Al in both sexes.
Some populations, particularly children, are estimated to regularly consume Al-containing foods such as cakes, cookies, and snacks; therefore, the provisional tolerable weekly intake of Al is likely to be exceeded to a large extent. 
